There is growing evidence showing the potential of T-cell-based gamma interferon (IFN-g) release assays (IGRAs) for predicting the risk of progression of Mycobacterium tuberculosis (Mtb) infection, though there is little information from tuberculosis (TB)-endemic settings. In this study, we assessed the association between the level of IFN-g produced by T cells in response to Mtb-specific antigens and the size of skin test indurations in 505 adult individuals who were screened for latent tuberculosis infection (LTBI) using the QuantiFERON-TB Gold In Tube (QFTGIT) assay and tuberculin skin test (TST). There was a strong positive correlation between the level of IFN-g induced by the specific antigens and the diameter of the skin indurations (Spearman's rho 5 0.6, P < 0.001). Body mass index and parasitic infection were not associated with the level of IFN-g production or the TST reaction. In linear regression analysis, the size of the skin test indurations was significantly associated with the mean level of IFN-g [coefficient, 0.65; 95% confidence interval (CI), 0.47 to 0.82, P < 0.001]. Similarly, results from logistic regression analysis demonstrated that individuals who had skin test indurations ‡ 10 mm were 6.82 times more likely than individuals who had skin test indurations < 10 mm to have high levels of IFN-g (i.e. positive QFTGIT result) (adjusted odd ratio 5 6.82; 95% CI, 3.67 to 12.69, P < 0.001).
Introduction
Tuberculosis (TB), a major public health problem worldwide, continues to be an especially serious health issue in many African and Asian countries (1) . Effective diagnosis and prompt treatment of active cases are the most important tools not only for minimizing morbidity and mortality but also for mitigating the dissemination of disease in the population. In most resource-limited countries, TB is diagnosed at peripheral health centres either through clinical examination only or through a combination of clinical examination and smear microscopy for acid-fast bacillus (AFB). Although microscopic examination of a smear for AFB is the easiest, least expensive and most rapid method in settings where microscopy and skilled persons are available, its reliability is hampered by its low sensitivity (2) . The current gold standard for the bacteriological confirmation of infection with Mycobacterium tuberculosis (Mtb) is culturing. However, culturing is not rapid, it is laborious and it requires laboratory facilities; also, it is relatively expensive to screen all patients suspected of TB by this method.
The tuberculin skin test (TST), which does not require laboratory facilities and is easy to perform, has been used for the diagnosis of both active and latent Tuberculosis infection (LTBI) (3) . The TST measures cell-mediated immunity in the form of a delayed-type hypersensitivity response to the purified protein derivative (PPD). Studies have shown that a positive TST could indicate the risk of developing active TB (4) (5) (6) . Nevertheless, the cross-reactivity of PPD with bacilli Calmette-Guerin (BCG) as well as with non-tuberculosis mycobacteria (NTM) (7) affects its specificity in regions where BCG vaccination and NTM are common.
As an alternative to the TST, T-cell-based gamma interferon (IFN-c) release assays (IGRAs) have been developed and approved, mainly for diagnosis of LTBI but also as an aid to diagnosing active TB (8) . IGRAs measure in vitro T-cell responses, either the concentration of IFN-c produced by T cells in response to Early Secretory Antigenic Target (ESAT-6), Culture Filtrate Protein (CFP-10) and TB7.7 or the number of proliferating T cells that produce IFN-c in response to ESAT-6 and CFP-10. Unlike the TST, IGRAs are not affected by BCG vaccination or by infections with most NTM (9, 10) .
Currently, there is increasing interest in the study of TB, using these tests to achieve better understanding of the dynamics of immune responses in Mtb infection. Although the tests cannot differentiate between active TB and LTBI (11) , growing evidence shows that IGRAs are useful for predicting the risk of developing active TB in latently infected individuals (12) (13) (14) (15) (16) . In addition, it is believed that IGRAs could be important for the diagnosis of active TB when combined with clinical investigations based on the level of IFN-c production (13, (17) (18) (19) (20) .
According to the WHO report (2010) on the epidemiological burden of TB, Ethiopia is among the 22 countries in the world with a high TB burden (1) . On the basis of the notification rate reported by WHO, the incidence of TB varies from region to region in Ethiopia; the Afar Region ranks 2nd, with a notification rate between 146 and 260 per 100 000 population (21) . In this paper, we demonstrate a correlation between IFN-c production and the size of skin test indurations in adult individuals who were screened for LTBI. The data were collected as part of a larger epidemiological study that investigated the prevalence of LTBI among Afar pastoralists (22) using the QFTGIT and TST. We also included information on the effects of Body mass index (BMI) and parasitic infections on the QFTGIT and TST.
Methods

Study area and population
This study is part of a community-based cross-sectional study conducted in the Amibara District of the Afar Region, north-east Ethiopia, between April and June 2010. Amibara District is located in the Middle Awash valley ;260 km to the north-east of Addis Ababa, the capital city of Ethiopia. The study area has been described in detail elsewhere (23) .
Data collection
Data collected for the prevalence study of LTBI in the pastoral community of Amibara District were used in this study.
Individuals were considered eligible for participation if they were apparently healthy, aged over 18 years, not pregnant (females), able to provide 3-ml blood samples, volunteered to be injected with PPD and gave written consent. The sampling technique used to recruit study participants and data collection methods have been described in detail elsewhere (22) . Briefly, prior to data collection, a list of all the pastoral 'kebeles' (smallest administrative units) in the district was obtained from the District Health Office. On the basis of this list, 9 pastoral kebeles were randomly selected out of a total of 14. A list of the heads of households of each kebele/village was noted. The required number of households from each kebele/village was selected using systematic random sampling from the lists of the heads of the households in that kebele/village. From each of the selected households, one individual (male or female) was systematically selected and asked to participate in the study.
Participants were requested to attend a respective health post or central location in their Kebele for clinical examination and a skin test and to provide a blood sample. Each study participant underwent a clinical and physical examination and was interviewed to ascertain any previous history of TB or contact with TB patients and to investigate the presence of other acute or chronic illness, using a questionnaire.
QuantiFERON-TB Gold In-Tube assay
The QFTGIT assay was performed according to the manufacturer's instructions (QuantiFERON-TB Gold In-Tube, Cellestis Ltd., Carnegie, Australia). Briefly, a venous blood sample (1 ml) was collected from each individual in three tubes (one containing TB-specific antigens, one containing mitogen and a null tube). The samples were transported to Awash Health Centre within 4-6 h of collection and incubated for 24 h at 37°C. The samples were centrifuged at 3000 3 relative centrifugal force for 10 min, and the plasma was collected, transported to Addis Ababa under refrigeration and stored at À20°C until the IFN-c assay was performed using ELISA kits provided with the TB-Gold tube. The optical density of each sample was read with a 450-nm filter with a 620-nm reference filter, using an ELISA plate reader. The concentration of IFN-c (IU/ml) was estimated using QFTGIT analysis software (Version 2.50) developed by the company.
Tuberculin skin test
Immediately following blood collection from the right hand, 0.1-ml (2 T.U/0.1 ml) tuberculin PPD RT23 (Statens Serum Institute, Copenhagen, Denmark) was administered intradermally in the middle of the left forearm by an experienced nurse. The diameter of each induration was measured transversely after 48-72 h using a ballpoint pen and flexible plastic ruler. Skin indurations with diameters > 10 mm were considered positive, while diameters of 0 mm were considered non-responsive (24, 25) .
Anthropometric measurements
Weight in kilograms and height in centimetres of each study participant were measured using weight scales and a wooden height scale, respectively. BMI was calculated as the weight in kilograms divided by the square of the height in metres ( (26) .
Collection and examination of stool and urine samples
Fresh stool samples (1 g) were collected from the study participants using small clean plastic sheets, which were distributed to the subjects after giving adequate instruction on how to collect and handle the sample. The samples were then processed using the Kato technique and microscopically examined on the spot for intestinal helminth infection such as Ascaris lumbricoides, Trichuris trichiura, hook worms and Schistosoma mansoni within 30 min of stool collection (27) . Similarly, each participant was given a clean cup to provide about 10-ml terminal urine sample. The urine sample was processed by filtration as previously described (28) and microscopically examined on the spot for eggs of Schistosoma haematobium within 10 min of sample collection.
Ethical considerations
The study protocol was approved by the Ethical Clearance Committee of the Aklilu Lemma Institute of Pathobiology (ALIPB), Addis Ababa University and by the Regional Committee for Medical Research Ethics of Southern Norway. The aim of the study was explained to each of the study participants and written consent was obtained. Blood sample collection and tuberculin PPD injections were carried out under aseptic conditions by well experienced technicians and nurses, respectively. Individuals who presented with signs/ symptoms of active TB or other diseases were advised to attend the nearest health centre. Similarly, individuals whose TST indurations were > 10 mm and/or who tested positive for LTBI using QFTGIT were advised to consult the nearest health facilities lest they develop signs/symptoms suggestive of active TB. Individuals who were found positive for parasitic infections were treated freely with appropriate drugs, while those who were found undernourished were treated with vitamin B complex and also advised to balance their diet.
Data analysis
Data were entered into EpiData Software v.3.1 and analyzed using Stata version 11. Frequencies and percentages were used to summarize socio-demographic characteristics. Oneway analysis of variance was used to compare the mean levels of IFN-c induced by the specific antigens among the subgroups of study participants. Correlation between the size of skin test indurations and the level of IFN-c was assessed using Spearman's rank correlation coefficient. Linear regression analysis was performed to assess the association between the level of IFN-c and background characteristics of the study participants including age, sex and history of BCG or BMI. After the IFN-c level was dichotomized using the cutoff value recommended by the manufacturer (>0.35 IU ml À1 IFN-c), logistic regression was used to assess the effect of potential factors on IFN-c production. A P-value <0.05 was considered significant for each statistical test used.
Results
Socio-demographic characteristics of the study participants
The socio-demographic characteristics and baseline data of the study participants are presented in Table 1 .
Size of skin indurations and IFN-c production
Among the 505 subjects who had both TST and QFTGIT test results, 168 (33.3%) were positive by TST (>10 mm), while 326 (64.6%) were positive by QFTGIT (>0.35 IU ml À1 IFNc). Five individuals (2 females and 3 males) had indeterminate QFTGIT results. Of the 505 subjects, 258 (51.1%), 79 (15.6%) and 168 (33.3%) had skin indurations < 5 mm, 5 to < 10 mm and >10 mm, respectively. One-way analysis of variance showed a highly significant difference in the mean levels of IFN-c induced by the specific antigens in the three categories of skin induration size (F = 61.10, df = 2, P < 0.001). However, the same analysis showed marginally significant differences in the levels of IFN-c induced by the mitogen in the three categories of skin induration size (F = 3.23, df = 2, P = 0.04). There was a positive trend between the mean levels of IFN-c induced by the specific antigens and the three categories of skin induration size (Fig. 1) . The mean levels of IFN-c induced by the specific antigens also differed significantly when the skin indurations were categorized as 0 mm, > 0 and < 10 mm and >10 mm (F = 66.48, df = 2, P < 0.001); Fig. 2 shows the trend.
When individuals with negative or indeterminate results by QFTGIT were excluded from the analysis, the mean levels of IFN-c induced by the specific antigens remained significantly different in the categories of skin indurations < 5 mm, 5 to < 10 mm and >10 mm (F = 22.93, df = 2, P < 0.001). Figure 3 shows the trend of these mean levels in individuals who were positive by QFTGIT. On the other hand, the mean levels of IFN-c induced by the mitogen did not vary significantly according to skin induration size (F = 0.73, df = 2, P = 0.4806). Moreover, there was a strong positive correlation between the level of IFN-c induced by the specific Association of the level of IFN-c with TST 73
antigens and the diameter of the skin indurations (Spearman's rho = 0.6, P < 0.001) (Fig. 4) . In contrast, the correlation between the level of IFN-c induced by the mitogen and the diameter of the skin indurations was weak (Spearman's rho = 0.1, P = 0.003).
BMI of the study subjects
Out of the total of 504 (99.8%) study participants who had complete BMI data, 266 (52.8%) were underweight (BMI< 18.50 kg m There was no correlation between the level of IFN-c induced by the specific antigens and the BMI of the study subjects (Spearman's rho = À0.03, P = 0.477) (Fig. 5a) . Similarly, no correlation was found between BMI and skin induration diameter (Spearman's rho = 0.01, P = 0.832) (Fig. 5b) . 
Helminth infections
Out the total of 505 study participants, 135 and 384 individuals provided stool and urine samples, respectively. Of the 135 individuals who provided stool samples, 6 (4.4%) were positive for A. lumbricoides infection. Of the 384 individuals who provided urine samples, 52 (13.5%) were positive for S. haematobium infection. The QFTGIT results (positive, negative or indeterminate) were not significantly related to helminthic infections (X 2 = 2.70, P = 0.259). The mean IFN-c levels did not differ significantly between helminth-infected and non-infected individuals (5.1% versus 5.0%, P = 0.9993). The BMI of the study subjects was not related to helminthic infections (X 2 = 3.90, P = 0.420).
Association between the IFN-c level and size of skin test indurations
The linear regression analysis results showing the effects of selected patient characteristics on the level of IFN-c production are summarized in Table 2 . Crude linear regression analysis showed that a 1-mm increase in size of skin test induration was significantly associated with a mean increase of 0.62 units in IFN-c level (95% CI, 0.52 to 0.72, P < 0.001). In the fully adjusted linear regression analysis model, skin test induration size was also significantly associated with mean IFN-c level (coefficient, 0.65; 95% CI, 0.47 to 0.82; P < 0.001).
Patients' characteristics such as gender, age, previous history of contact with TB patients and BMI were not significantly associated with the IFN-c level in either the crude or the adjusted analysis. Similarly, the logistic regression analysis demonstrated that individuals who had skin test indurations > 10 mm were 6.82 times more likely than individuals with skin test indurations < 10 mm to have a high IFN-c level (i.e. positive QFTGIT result) (adjusted odd ratio (OR) = 6.82; 95% CI, 3.67 to 12.69, P < 0.001). Being agro-pastoralist by occupation (adjusted OR = 3.35; 95% CI, 1.35 to 8.29, P = 0.009) and having previous contact with TB patients (adjusted OR = 10.51; 95% CI, 1.29 to 85.32, P = 0.028) were also significantly associated with high levels of IFN-c (Table 3) .
Discussion
IGRAs have been widely evaluated for the diagnosis of Mtb infection (prevalence) in different settings and various levels of sensitivities and specificities have been reported (9, 19, (29) (30) (31) (32) . However, population-based data on the potential of IGRAs in predicting the risk of progression of Mtb infection are scarce, especially in highly TB-endemic areas. In our previous studies, we reported the performance of the QFTGIT assay in diagnosing Mtb infection (19) and a community-based prevalence of LTBI in the Afar pastoralists of Ethiopia, using the QFTGIT assay and TST (22) . In this paper, we present evidence for the correlation between the level of IFN-c produced by T cells in response to Mtb-specific antigens and the size of skin test indurations in response to tuberculin PPD in individuals among the Afar pastoralists of Ethiopia who were screened for LTBI. The results showed that the level of IFN-c produced by T cells in response to Mtb-specific antigens was significantly higher in study participants with skin test induration diameters > 10 mm than in those with <10 mm. These findings are consistent with the results of previous studies showing a positive correlation between the IFN-c level and the skin test induration diameter in individuals with LTBI (16, 33, 34) .
Andersen et al. (35) proposed that TB-specific IFN-c production might be useful for identifying individuals with progressive infections who are likely to develop the disease. Higuchi et al. (13) studied the level of IFN-c produced by T cells in response to ESAT-6 and/or CFP-10 in individuals who had contact with pulmonary TB patients and concluded that subjects with high IFN-c production are at higher risk of developing active TB than subjects with lower IFN-c levels. 
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A study by Del Corral et al. (16) also suggested that CFP-10-induced IFN-c production is useful for identifying individuals at greatest risk of active TB development in Colombia. The TST has also been used as the standard test for diagnosis of LTBI and its progression to active TB (3, 4) . In the present study, the observed positive correlation between the increased IFN-c level measured by the QFTGIT assay and skin test induration size could suggest the potential of IGRAs for predicting the progression of Mtb infection to active disease in individuals who are living with LTBI. However, to achieve a conclusive result, further prospective follow-up studies are required to elucidate the role of TB-specific IFNc production in identifying individuals with progressive infections who are likely to develop the disease in the present study area as well as in other TB-endemic settings. During our previous study of the performance of the QFTGIT assay for diagnosing Mtb infection (19), we observed that the level of IFN-c induced by specific antigens in culture positive as well as in clinically suspected patients was higher than in healthy control subjects with LTBI. Previous studies have also demonstrated that T-cell responses to Mtb-specific antigens measured using IGRAs or other methods are significantly higher in patients with active TB or clinically suspected cases than in healthy controls with LTBI or in patients who have completed chemotherapy (20, (36) (37) (38) . Thus, the results of these previous studies and the findings of the present study indicate the potential use of IGRAs for diagnosing active TB in combination with clinical features, though further studies are needed to corroborate this.
Apart from the positive correlation between IFN-c and skin test induration size, which implies the prognostic value of the QFTGIT assay in the progression of Mtb infection, the results of our study also suggest that both the specific antigens (ESAT-6, CFP-10 and TB7.7) and PPD stimulate the same T-cell population, which contradicts the growing evidence that the specific antigens stimulate effector T cells while PPD stimulates memory T cells (39) (40) (41) . In the present study setting, where TB is endemic, the presence of more persistent memory T cells than effector cells would be expected, so we would predict an increased response to PPD as the above studies suggest. On the other hand, in addition to the types of antigens and T-cells stimulated, the types of responses measured and methods used may have a significant effect. The TST is an in vivo test that measures cell-mediated immunity in the form of a delayed-type hypersensitivity response, which is an inflammatory response. In contrast, IGRAs are in vitro tests that directly measure the concentration of IFN-c produced by T cells or the number of IFN-c-producing T cells. Thus, the dynamics of the immune response in vivo and in vitro as well as the response to be measured might explain the differences between the IGRA and TST results.
A study conducted in Colombia (16) showed a tendency towards greater IFN-c production in study participants aged <50 years than in individuals aged >50 years. A study in Poland (33) also revealed a positive correlation between the IFN-c level and participants' age. In the present study, neither age nor gender was associated with the level of IFN-c production, while skin test induration size was found to be the strongest predictor of high IFN-c production both in linear and logistic regression analyses (Tables 2 and 3 ). Most (93%) of our study participants were aged <50 years, and this could be a possible factor for the absence of the association between the age of the study participants and the level of IFN-c production. Studies have demonstrated a high risk of Mtb infection among individuals in close contact with infectious TB cases (42, 43) . Moreover, Higuchi et al. (13) reported high IFN-c production in individuals who had close contact with pulmonary TB patients. In the present study, most of the agro-pastoralists reported previous history of contact with pulmonary TB patients, and they had also relatively high IFN-c production that is in agreement with the results of these previous studies (13, 42, 43) . In this study, we observed a lower prevalence and fewer species of infective intestinal helminths than reported from other parts of Ethiopia (44) (45) (46) . However, the results corroborate a previous nation-wide survey in Ethiopia, which revealed a low prevalence of soil-transmitted intestinal helminths in the dry areas of the country (47) . The present study also revealed fewer urinary schistosomiasis cases than our previous study in the same area (28) . This could be due to the age difference between the study participants included in the present study (age > 18 years) and those included in the previous study (age < 21 years).
Several studies have proposed that malnutrition and/or intestinal parasitic infections are among the factors that reduce the TST reaction and cause either false-negative results or anergy (3, 48, 49) . In the present study, neither BMI nor infection with A. lumbricoides/S. haematobium was associated with reduced TST response or anergy. A recent study by Zevallos et al. (50) also showed that neither the type of intestinal helminth infection nor the intensity of infection affected the TST reaction in an indigenous Amazon community where intestinal helminthiasis is highly prevalent. Similarly, a study of Bangladesh children revealed no effect of helminth infection on the TST reaction (34) . On the other hand, the same study revealed an association between malnutrition and helminth infection and indeterminate QFTGIT assay results, while malnutrition but not helminth infection was associated with lower IFN-c production (34) . In our study, neither BMI nor helminth infection was associated with either IFN-c production or indeterminate QFTGIT assay results. Nevertheless, further studies on types of malnutrition such as protein and micronutrient deficiency (51) and on the species and intensity of helminth infections are needed for conclusive results concerning the effect of malnutrition/ helminth infections on the TST and QFTGIT assay.
The present study provides indirect evidence that IGRAs are useful for predicting the risk of progression of Mtb infection to active disease, which encourages further studies in TB-endemic areas where information is scarce. Nevertheless, because of the study design (cross-sectional), it was impossible to provide definite evidence that IGRAs are useful in predicting the development of the disease, as a prospective study could; this is the main limitation of the present work. Another limitation of this study is the inability to provide reliable data on the specificity of the QFTGIT because of the lack of currently agreed gold standard for diagnosing LTBI. However, the higher prevalence of LTBI detected using the QFTGIT rather than the TST suggests that the QFTGIT could be used for epidemiological studies concerning LTBI at the community level, even in a population unreactive to the TST.
In conclusion, the results of the present study revealed a positive correlation between the level of IFN-c produced by T cells in response to Mtb-specific antigens and the size of skin test indurations in response to tuberculin PPD in individuals with LTBI. This could constitute indirect evidence for the prognostic use of the QFTGIT assay for the risk of progression of Mtb infection. However, to provide direct evidence, further prospective follow-up studies are required in the present study area as well as in other TB-endemic settings.
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